A comparative study of glycerol dehydration with alcohols (methanol, ethanol, tert-butyl alcohol) over ion exchange resin Amberlyst-35 was performed. The effect of catalyst amounts (1-15 wt.% to glycerol), reaction temperature (50-100 °C), reaction time (5-10 h), and the molar ratio of alcohols to glycerol (3:1-8:1) were carried out in 50 mL stainless steel autoclave. During the process of glycerol dehydration with alcohols, when the catalyst amount (wt.% to glycerol) is over 10%, it was observed that neither glycerol conversion nor product selectivities are changed significantly. The optimum molar ratios of glycerol to methanol, ethanol and tert-butyl alcohol were 1:6, 1:4, and 1:6, respectively. The appropriate reaction temperature and reaction time were 80 °C and 8 h at which the selectivities of di-alkyl glycerol ethers and tri-alkyl glycerol ether arrive to the highest. However, the main product was mono-alkyl glycerol ether (MAGE) in glycerol dehydration with tert-butyl alcohol due to steric hindrance influence. If MAGE is considered as the target product, the glycerol dehydration with tert-butyl alcohol could be a good choice. Additionally, the glycerol dehydration with ethanol could be a better route converting biomass material into vehicle fuel in view of its desired yields of higher ethers.
Introduction
The excessive consumption of fossil fuels has forced scientists to search for an alternative energy source. On account of the cleanability and renewability, biodiesel is considered as an attractive substituting energy source and this leads to a surplus of glycerol. Therefore, it is very necessary to convert the surplus glycerol into high added value chemicals, which has attracted more and more attention from the world.
In the synthesis routes of glycerol into high value chemicals (such as glycol, acrolein, 1,3-propanediol, 1,2-propanediol), [1] [2] [3] the synthesis of alkyl glycerol ethers has been a hot topic. The alkyl glycerol ethers include mono-alkyl glycerol ethers (MAGE), di-alkyl glycerol ethers (DAGE) and tri-alkyl glycerol ethers (TAGE).
In view of the special biological properties, the MAGE can be used in immunostimulation, 4 antimicrobial, 5, 6 anti-tumor activity [7] [8] [9] or equine anesthesia. 10 Moreover, it is used in cosmetics, 11, 12 such as hair dyes, shampoos, skin creams and deodorants. [13] [14] [15] [16] [17] [18] [19] The DAGE and TAGE are mainly used as diesel additive, especially the TAGE. They can remarkably reduce the emissions of particles, hydrocarbons, carbon monoxide and irregular aldehydes. TAGE can also be used as low temperature flow improver to reduce diesel viscosity. [20] [21] [22] The synthesis routes of alkyl glycerol ethers mainly are the etherification of glycerol with olefin (isobutene) and the dehydration of glycerol with alcohols (methanol, ethanol, tert-butyl alcohol). However, the olefin polymerization present in the former can cause poor aim-product selectivities. 23 In a study of Karinen and Krause, 24 they tried to prevent the isobutene polymerization by adding a certain mass fraction of tert-butyl alcohol in the raw materials. Their result indicated that the methyl tert-butyl ether (MTBE) selectivity increased to 97% over wet ion exchange resin Amberlyst-35.
Recently, the synthesis of poly alkyl glycerol ethers (DAGE and TAGE) has been paid more attention. Its generation process was shown in Figure 1 .
Pariente et al. 25 studied the etherification of glycerol and ethanol over high silicon zeolite molecular sieves and ion exchange resin. The glycerol conversion was 54% over BEA 12.5 zeolite catalyst. According to Yuan et al., 26 they investigated the performance of phosphotungstic acid (HPW) catalyst to catalyze the glycerol etherification with ethanol. The results indicated that the catalytic effect of HPW and HPW/SiO 2 was the best, and the glycerol conversion could reach 97.1%. Sepúlveda et al. 27 Although there were still many reports [28] [29] [30] [31] [32] [33] about the dehydration of glycerol with alcohols, few researches about the comparative analysis of glycerol dehydration with alcohols were studied.
Generally, the main catalysts for dehydration of glycerol with alcohols are liquid and solid acids. However, liquid acid catalyst has some problems such as product separation difficulty, equipment corrosion, and environment pollution. Therefore, it is a good choice to employ solid acid as the dehydration catalyst of glycerol with alcohols.
In this paper, glycerol and alcohols (methanol, ethanol and tert-butyl alcohol) were selected as the raw materials. The ion exchange resin Amberlyst-35 was used as catalyst, and the effects of the molar ratio of raw materials, different catalyst amounts, reaction temperature and time on the synthesis of methyl glycerol ethers were studied in a stainless steel autoclave. Moreover, the results were also compared and analyzed. It is expected that this research would provide a reference for the further utilization of glycerol.
Experimental

Chemical reagents and materials
All chemical reagents used in the paper are analytical reagent grade, which were: glycerol (Tianjin Fuyu Fine chemical Co., Ltd.), methanol (Tianjin Chemical Reagents Plant), ethanol (Shanghai Aibi Chemical Reagents Co., Ltd.), and tert-butyl alcohol (Tianjin Kaitong Chemical Reagents Co., Ltd.).
Ion exchange resin Amberlyst-35 (A-35wet) was purchased from Cmallegro Industrial Co., Ltd., and it was calcined at 100 °C for 2 h to obtain A-35dry before used. The physical properties of the catalyst were shown in Table 1 .
Synthesis of alkyl glycerol ethers
The alcohols, glycerol, solid catalyst as the certain ratio were put into a 50 mL stainless steel autoclave, then the autoclave was set in a constant temperature oil bath (Chengdong Xinrui Instrument Factory) equipped with a magnetic stirring (70 rpm), and the reaction was studied at a certain temperature from 50 to 100 °C for 5 h. After reaction, the autoclave was cooled to room temperature and 0.2 μL of sample was extracted by microliter syringe (Shanghai Gaoge Industrial and Trading Co., Ltd.) and analyzed by the flame ionization detector (FID) in gas chromatograph (Shimadzu, GC5890) equipped with a capillary column (WONACAP 5, 30 m × 0.32 mm × 0.25 μm).
The analysis conditions were as follows: 50 °C for 2 min, heating at 30 °C min -1 until 240 °C, with a hold time of 2 min, then heating at 35 °C min -1 to 300 °C and holding for 5 min.
The conversion of glycerol and product selectivity were calculated as the follows: 
Results and Discussion
Comparative study of physical properties of reactants and products
Methanol, ethanol and tert-butyl alcohol were employed with glycerol to synthesize, respectively, methyl glycerol ether (mono-methyl glycerol ether, di-methyl glycerol ether, tri-methyl glycerol ether), ethyl glycerol ether (mono-ethyl glycerol ether, di-ethyl glycerol ether, tri-ethyl glycerol ether) and tert-butyl glycerol ether (mono-tertbutyl glycerol ether, di-tert-butyl glycerol ether, tri-tertbutyl glycerol ether). The physical properties of reactants and products were shown in Table 2 . Molar volume and boiling point were predicted by the ACD/labs. 35 Molecular length was estimated by the ChemBioOffice 2014 software. 36 As seen in Table 2 , among all of products, the tri-tert-butyl glycerol ether owns the greatest molar volume (292.7-298.7 cm 3 mol -1 ) and molecular length (0.97 nm). The same result has also been proved by the previous studies, 32, 37 and they have obtained that steric hindrance phenomena could have an impact on the formation of tri-substituted ether and mono-tert-butyl glycerol ether (MTGE) was the main product.
Comparative study of catalyst amount (wt.% to glycerol)
The dehydration of glycerol with alcohols (methanol, ethanol and tert-butyl alcohol) over Amberlyst-35 was studied at reaction temperature of 80 °C, reaction time of 8 h, 6:1 molar ratio of alcohols to glycerol, and stirring speed of 70 rpm. The catalyst amount ranges from 1 to 15 wt.%, and the results were shown in Figure 2 .
Under these reaction conditions, the glycerol mainly reacts with alcohols. There are almost no polyglycerols and other by-products detected in this work. The main products are MAGE, DAGE and TAGE.
From Figure 3 , when the methanol and glycerol are selected as the raw materials, the glycerol conversion increases with the catalyst amount increase from 1 to 5%, while an increase of catalyst amount from 5 to 15% does not bring a distinct change in the glycerol conversion, as well as in the product selectivity. In case of the catalyst amount less than 10%, it can be seen that the selectivities of DAGE and TAGE increase with an increase of catalyst amount, whereas the selectivity of MAGE decreases. This can be considered that the DAGE and TAGE could be generated due to the further dehydration of MAGE with methanol.
As can be seen, during the dehydration of ethanol with glycerol or tert-butyl alcohol, the similar trends of glycerol conversion and products selectivities are presented. Increasing the amount of catalyst from 1 to 10%, it leads to an enhancement of glycerol conversion, as well as for the selectivities of DAGE and TAGE. It could be due to the fact that the number of active sites increases with an increase of catalyst amount, which led to the promotion of reaction rate. The same results have been observed by previous researches. 38, 39 In their works, the results obtained indicated that the increase in catalyst amount yields a higher glycerol conversion and product selectivity. In fact, the selectivities of DAGE and TAGE reach to maximum when the catalyst amount is 10%.
According to the previous studies, 24, [40] [41] [42] the reaction mechanism between glycerol and alcohols can be described as in Figure 3 .
Under acidic atmosphere, glycerol is protonated to form H 3 C + -(OH)CH-(OH)CH 2 (OH), and then it is attacked by alcohols to form MAGE, which could be protonated and reacted with alcohols again to form DAGE and TAGE. There are three methyl groups as the electron-donating group in the tert-butyl alcohol, which leads to a fact that tert-butyl alcohol is more able to react with glycerol, and the main product is MAGE. However, it is difficult that DAGE further reacts with tert-butyl alcohol to generate TAGE due to the influence of steric hindrance.
According to the above results and analysis, when the catalyst amount (wt.% to glycerol) is over 10%, it is observed that neither glycerol conversion nor product selectivities are changed significantly. It could be interpreted that the effect of acidic concentration on the dehydration of glycerol with alcohols becomes smaller when the catalyst amount increases to a certain value. Moreover, the reaction system is close to the equilibrium, and the glycerol conversion is basically unchanged.
Effect of reaction temperature and time
The glycerol dehydration with alcohols (methanol, ethanol and tert-butyl alcohol) over 10% (wt.% to glycerol) of A-35 was carried out under these conditions: reaction temperature of 50-10 °C, reaction time of 5-12 h, 6:1 molar ratio of alcohols to glycerol, and stirring speed of 70 rpm.
Effects of temperature and time on glycerol conversion in the three synthesis processes were shown in Figure 4 . Effects of temperature and time on product selectivity in the glycerol dehydration with methanol were exhibited in Figure 5 . Effects of temperature and time on product selectivity in the glycerol dehydration with ethanol were shown in Figure 6 . Effects of temperature and time on product selectivity in the glycerol dehydration with tertbutyl alcohol were displayed in Figure 7 .
In Figure 4 , during the glycerol dehydration with alcohols at 50 °C, it is seen that there is no obvious effect on the glycerol conversion with the increase of reaction time. When the temperature reaches 80 °C, the reaction time presents a positive influence when it is less than 8 h. In view of the fact that the glycerol dehydration with alcohols is an endothermic reaction, a higher reaction rate could be obtained by the increase of temperature. However, considering that the reaction is almost close to the equilibrium, the glycerol conversion maintains stable after 8 h. During the glycerol dehydration with methanol, methanol could react with itself to generate gas-phase dimethyl ether in higher temperature, which causes a decline of the glycerol conversion.
Considering that this reaction is reversible, prolonging the reaction time can make the reaction equilibrium shift to the right side. When the reaction time increases from 8 to 12 h, the MAGE selectivity increases gradually, and the DAGE selectivity shows a decline. This could be explained by the water from the reaction system that causes the DAGE hydrolysis with the reaction process. On the other hand, the water could be adsorbed on the catalyst acid site, 25 which leads to the reduction of catalytic efficiency. When the reaction temperature is 80 or 100 °C, the same trend is obtained.
As seen in Figure 6 , during the glycerol dehydration with ethanol, the glycerol conversion maintains stable after 8 h, and it does not change with the increase of temperature from 80 to 100 °C. When the reaction temperature is 80 °C, the highest selectivities of DAGE and TAGE are obtained at 8 h. In view of the fact that the glycerol dehydration with alcohols is an endothermic reaction, the increase of temperature can produce a higher reaction rate.
The glycerol dehydration with tert-butyl alcohol was also studied. As shown in Figure 7 , the selectivity of TAGE is very low at 50 °C, and it only reaches 0.7% when the reaction lasts 8 h. This result could be caused by the influence of steric hindrance. Clearly, when the temperature is 80 °C, an increase of the glycerol conversion (Figure 4) is observed, as well as those of the DAGE and TAGE selectivities. In fact, at 80 °C, the selectivities of DAGE and TAGE run up to the highest when the reaction lasts 8 h.
Based on above results, an appropriate reaction temperature (80 °C) and time (8 h) could be in favor for the glycerol dehydration with alcohols.
Effect of the feed molar ratio of alcohols to glycerol
The glycerol dehydration with alcohols (methanol, ethanol and tert-butyl alcohol) over 2.0 g of ion exchange resin Amberlyst-35 was studied at reaction temperature of 80 °C, reaction time of 8 h, and stirring speed of 70 rpm. The effect of the alcohols to glycerol molar ratio on glycerol conversion and product selectivities was shown in Figure 8 .
For the glycerol dehydration with methanol, it can be seen from Figure 8 that with an increase of the molar ratio from 3:1 to 6:1, the glycerol conversion and the selectivities of DAGE and TAGE increase gradually, while the selectivity of MAGE decreases. When the molar ratio of methanol to glycerol is 6:1, the highest conversion of glycerol, as well as the selectivities of higher ethers (DAGE, TAGE), is observed. This could be due to that an increase of the methanol amount could shift the reaction equilibrium toward the right side. However, the catalysis effect shows a negligible difference when the molar ratio is increased from 6:1 to 7:1 or 8:1.
During the glycerol dehydration with ethanol, the best result is exhibited at the 4:1 molar ratio of ethanol to glycerol. Compared with methanol, the selectivities of the higher ethers are better during the dehydration of glycerol with ethanol. The product of dehydration of glycerol with tert-butyl alcohol is mainly MAGE. The higher ethers selectivities run up to the highest when the molar ratio of tert-butyl alcohol to glycerol is 6:1, as well as the glycerol conversion.
The product distribution of MAGE, DAGE and TAGE, the effect of the alcohols to glycerol molar ratio on product yields was shown in Figure 9 .
Firstly, the comparative analysis for the MAGE yield of the three synthesis processes was carried out. For the glycerol dehydration with methanol, it is observed from Figure 9 that the yield of MAGE increased gradually with the increase of molar ratio from 3:1 to 7:1, and when the molar ratio is 7:1, the yield of MAGE is close to 60%. However, for the glycerol dehydration with ethanol, the MAGE yield presents a decline when the molar ratio of raw materials increases from 3:1 to 4:1. An increase of molar ratio from 4:1 to 7:1 provides an increase of the MAGE yield. The MAGE yield reaches the maximum (about 50%) at the 7:1 of molar ratio.
For the dehydration process of glycerol with tert-butyl alcohol, the MAGE yield is increased with the increase of molar ratio. When the molar ratio is 7:1, the highest MAGE yield (about 70%) is presented because the reaction achieved equilibrium.
From the above results, it can be concluded that the glycerol dehydration with tert-butyl alcohol could be a good choice if MAGE is considered as the target product.
Secondly, the comparative analysis for the higher ether (DAGE, TAGE) yields was performed. Comparing the other two processes, the glycerol dehydration with ethanol presents the desired yields of higher ethers. With regard to glycerol and ethanol, both of them are derived from biomass and are renewable. If this route, which glycerol and ethanol are converted into the higher ethers (di-and tri-ethyl glycerol ether), is commercialized, it will promote effectively the scale application of biomass energy and the cleaner utilization of fossil fuel.
As far as the reaction system is concerned, a large amount of water is generated in the glycerol dehydration with alcohols. 24, 25, 42 The higher the catalyst activity is, more water is produced. If the water cannot be removed from the system promptly, it will affect the progress of the forward reaction and lead to the catalyst deactivation.
In this paper, the preliminary comparative analysis of glycerol dehydration with alcohols was carried out only in the liquid phase or near liquid phase, and the technological processes adapted to commercialization need to be explored and validated in the next successive heterogeneous reaction process.
Conclusions
The dehydration of glycerol with three alcohols (methanol, ethanol and tert-butyl alcohol) over ion exchange resin Amberlyst-35 was studied. During the glycerol dehydration with alcohols, the optimum molar ratio of glycerol to methanol, ethanol and tert-butyl alcohol were 1:6, 1:4, and 1:6, respectively. The highest selectivities of DAGE and TAGE were observed at the optimum condition (temperature: 80 °C, time: 8 h). It is evident from the data that there is a significant increase in reaction rate when the catalyst amount (wt.% to glycerol) increased to 10%, which caused a higher glycerol conversion and product selectivity. Furthermore, MAGE is obtained as the main product in glycerol dehydration with tert-butyl alcohol due to the influence of steric hindrance.
In conclusion, the glycerol dehydration with tert-butyl alcohol could be a good choice if MAGE was considered as the target product, while the glycerol dehydration with ethanol could be a better route converting biomass material into vehicle fuel in view of its desired yields of higher ethers.
